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Local magnetic properties of rare-earth ~RE! atoms encapsulated in fullerenes have been characterized using
x-ray magnetic circular dichroism and x-ray absorption spectroscopy ~XAS!. The orbital and spin contributions
of the magnetic moment have been determined through sum rules and theoretical model calculations, and have
been found to be highly reduced compared to those of the corresponding free RE31 ions. Crystal-field and
hybridization effects have been investigated by the way of calculations to simulate the effect of the carbon cage
on the RE; both hypotheses have reproduced the experimental spectra resulting also in a significant reduction
of the orbital and spin moments. While isotropic XAS spectra have confirmed a roughly trivalent state for the
RE metals, a back electron transfer from the cage to the metal has been quantified. A paramagnetic coupling
has been found between the metal centers from 6 K to 300 K.
DOI: 10.1103/PhysRevB.69.184421 PACS number~s!: 75.75.1a, 71.20.Tx, 73.22.2f, 78.70.DmI. INTRODUCTION
Endohedral metallofullerenes M@C82 are novel materi-
als. Their structural, electronic, and solid-states properties
have attracted a wide interest not only in physics and chem-
istry but also in materials or biological sciences with a large
variety of promising applications, as has recently been
reviewed.1–3 In endohedral metallofullerenes, a positively
charged core metal is off-center in a negatively charged
strong carbon cage, resulting in strong metal-cage interaction
and intrafullerene charge transfer from the metal to the
cage.2,4–6 The consequent electric dipole moment occuring
along the symmetry axis of the M@C82 molecules implies a
particular molecular arrangement in a ‘‘head-to-tail’’ manner
~linear or ring-shaped configurations! in crystals and on
metal surfaces.4,7–9 These unusual molecular and electronic
structures are expected to be at the origin of novel properties.
The study of magnetism of these systems has been taken
up recently. Some superconducting quantum interference de-
vice ~SQUID! magnetometry and electron spin resonance
measurements have been made on M@C82 (M5La, Ce, Gd,
and Eu! reporting a paramagnetic behavior between 7 and
300 K.10–12 Nevertheless, intermetallofullerene ferromag-
netic coupling has been mentioned at sub-20-K for heavy
rare-earth ~RE! endofullerenes.13 An interesting evolution of
the effective paramagnetic moment (me f f) has also been re-
ported. First in Ce@C82 me f f is found to decrease with tem-
perature from 2.3mB at 300 K to 1.0mB at 2 K.11 Then,
whereas in La@C82 the average me f f of La31 ion has been0163-1829/2004/69~18!/184421~7!/$22.50 69 1844found larger than the theoretical value10 due to an incomplete
electron transfer from the metal to the cage,14 it appears dra-
matically smaller in heavy RE metallofullerenes M@C82
~e.g., Ho@C82, 6.3mB ; theoretical Ho31, 10.6mB ; Ho21,
9.5mB).13 The general trend is that the higher the RE orbital
moment (L), the more me f f is reduced. It is recognized that
when dealing with magnetism of lanthanide metal-containing
compounds, the orbital angular momentum plays an impor-
tant role.15 Here the carbon cage crystal field and orbital
hybridization may partially quench the RE orbital moment
due to the very low symmetry.
At present, a direct observation of the local electronic and
magnetic structures of the encapsulated metal is essential to
study any intermolecular magnetic ordering and to under-
stand the origin of the reduced me f f , observed even in
Gd@C82 where L50. X-ray absorption spectroscopy ~XAS!
and x-ray magnetic circular dichroism ~XMCD! are ideal
techniques to investigate electronic and magnetic properties
of endohedral metallofullerenes since these high-energy
spectroscopies are able to deal with quite small quantities of
material. This is a significant advantage considering the
time-consuming nature of the extraction of pure endohedral
fullerenes from mixed ~metallo!fullerene soot using multi-
cycle high-performance liquid chromatography and the con-
sequent scarcity of the highly pure fullerene material re-
quired for high-level research. In addition, with these
absorption techniques, it is possible to determine element-
specific properties in a composite system such as endohedral
fullerenes. With the advent of high-brilliance polarized soft©2004 The American Physical Society21-1
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probe of the ground-state spin S and orbital L magnetic mo-
ments through the use of sum rules.16,17
In the present study, the local magnetism of RE atoms
encapsulated in fullerenes is investigated. The XMCD sum
rules are applied to M@C82 molecules (M5Gd, Dy, Ho!
and Er2@C90 to extract the orbital contribution of the
encaged-metal magnetic moment. As the applicability of the
spin sum rules in such systems is difficult, the spin moment
is studied through atomic calculations. Two models are used
to reproduce the experimental results in terms of crystal-field
~CF! and hybridization effects. The 4 f L and S moments and
the magnetic ordering at low temperature between the metal
centers are discussed in order to clarify the influence of the
carbon cage on the metal atom and therefore the large reduc-
tion of the total magnetic moment observed for encapsulated
heavy-RE.
II. EXPERIMENT
The isomer pure metallofullerenes were synthesized as
described in Refs. 18–20, or obtained commercially (M
5Ho). Measurements were performed on in situ prepared
M@C82 /Cu(111) samples. The Cu~111! substrate was
cleaned by repeated cycles of Ar1 sputtering and annealing
to 700 K in ultrahigh vacuum ~UHV!. The molecules were
sublimed from an alumina crucible onto Cu~111! at room
temperature with a base pressure of 131029 mbar. For this
purpose, a resistively heated effusion cell, operating between
873 K and 930 K, has been specially designed to cope with
the small quantities of material involved. The relative thick-
ness of the films (.3 ML) was followed using the edge
jump in the XAS spectra and scanning tunneling microscopy
calibration. A high flux (;1013 photon/s/0.1% BW) of
;100% polarized soft x rays at the sample was obtained
from beamline ID08 which provides full polarization control
using an APPLE II helical undulator at the European Syn-
chrotron Radiation Facility ~ESRF! in Grenoble. XMCD
measurements were performed using a 7 T superconducting
magnet in UHV environment. The XMCD was determined
by switching both the sample magnetization M and the po-
larization vector of the incident radiation, P, to remove any
systematic errors. The measurements were carried out in to-
tal electron yield detection mode, both at normal and grazing
incidence, i.e., with the incident photon beam at u590° and
30° from the sample surface in order to study any magnetic
anisotropy. The pressure in the magnet chamber was 1
310210 mbar with all measurements done in the tempera-
ture range from 6 K to 293 K.
III. THEORETICAL MODEL
The ligand-field atomic-multiplet theory has been used to
calculate the multiplet structure of core-to-4 f excitations in
RE.21 This theory is based on the same essential physical
assumptions as that of the ligand-field atomic model devel-
oped by Thole and co-workers22–24 with the advantage of
being applicable to any geometry regardless of the ligand-
field symmetry group. The electrostatic interactions and ex-18442change parameters used in the present work were taken from
Ref. 25 considering the 80% reduction factor of the core-
valence and valence-valence Slaters integrals to simulate
solid effects at the atomic level. Two different models were
considered, one with a CF splitting and the other with a term
describing the hopping from the cage to the RE 4 f shell. The
considered Hamiltonian for the CF model is
Hatomic1(
hs
Eh f hs1 f hs , ~1!
where Hatomic describes the electronic structure of the atomi-
clike RE as in Ref. 25, and the second term represents the CF
perturbation. In such CF term, f 1/ f are creation/annihilation
operators and h runs over the 4 f orbitals @4 f x(x223y2) ,
4 f (3x22y2)y , 4 f xyz , 4 f (x22y2)z , 4 f xz2, 4 f yz2, and 4 f z3]. The
parameters Eh satisfy the constraint Eyz25Exz2, E (x22y2)z
5Exyz , Ex(x223y2)5E (3x22y2)y to ensure axial symmetry
along the z axis. In this way we try to simulate roughly the
atomic environment of the off-centered RE ions inside the
cage with the decentering direction along the z axis. For the
model with hybridization, a hopping term between the 4 f
orbitals of the lanthanide and the valence orbitals of the car-




~ f hs1 cvs1cvs1 f hs!2DE(
s
cvs
1 cvs , ~2!
where c1/c are creation/annihilation operators for the cage
orbitals, and the two free parameters are the hopping strength
t and DE which governs the ground-state average valence as
explained below. In this model the cage valence orbital in-
teracting through hybridization with the 4 f orbitals is non-
degenerate and the transition term does not commute with
angular moment. In the hybridization model, the ground state
can be described as 3d10(4 f ,c)n11 where n is the RE elec-
tron number ~7, 9, 10, and 11 for Gd31, Dy31, Ho31, and
Er31 respectively!, and c represents the cage orbitals. Calcu-
lations are limited to consider configurations where cage or-
bitals host one or zero electron. The parameter DE separates
the center of mass of 4 f nc1 multiplets from the one of
4 f n11c0. The large negative DE value ensures that the
ground state is mainly 4 f nc1 with a small 4 f n11c0 compo-
nents. The excited state is 3d9(4 f ,c)n12. For the CF model,
the ground and excited configurations are 3d104 f n and
3d94 f n11, respectively. For the calculations of XAS spectra,
two matrices were considered, namely, M g for the ground-
state Hamiltonian and M e for the excited state. The ground
state ug& was found using the Lanczos method, while the






where Di is the dipole operator and G is the lifetime broad-
ening.1-2
LOCAL MAGNETISM IN RARE-EARTH METALS . . . PHYSICAL REVIEW B 69, 184421 ~2004!FIG. 1. RE M 4,5 XAS measured at normal incidence with respect to the sample surface ~open circles!. The spectra are normalized to a
constant edge jump. The atomic calculations for the respective free ion (RE31) are shown as solid lines.IV. RESULTS AND DISCUSSION
A few studies on the charge transfer from the metal to the
cage have already been published, mostly for the filled and
half-filled 4 f shell RE atoms. XAS, electron-energy-loss
spectroscopy, and resonant photoemission measurements on
Gd@C82 have reported a half-filled 4 f 7 initial state
configuration.5,26,27 Results on the other RE oxidation state
are rarer. Dy@C82 has been studied with XAS resulting in a
Dy31 ion by comparison with Dy2O3,6 and an x-ray photo-
emission spectroscopy study of Ho@C82 has reported Ho ion
in an approximately trivalent state by comparison with
HoCl3.6H2O.28
All the endohedral metallofullerene films prepared here
have been first studied with XAS to probe the electronic
structure of the encapsulated metal. The isotropic RE M 4,5
edges recorded at normal incidence with respect to the
samples surface are shown in Fig. 1 ~open circle!. Atomic
multiplet calculations have been used to simulate the 3d
x-ray absorption lines of the whole series of RE metals.25 We
reproduced in Fig. 1 ~full line! the trivalent lanthanide spec-
tra for direct comparison with the respective encapsulated
ion. The spectra show a multiplet structure due to electric-
dipole transitions from the 3d core level to the unoccupied
4 f levels. In all cases, the agreement between experimental
and theoretical spectra is very good and many similarities
with the respective RE2O3 XAS spectra are found in the
literature.29 This confirms the trivalent nature of the RE stud-
ied here in monometallofullerenes and dimetallofullerenes in
concordance with the previous work.5,6,26–28 Nevertheless,
three points deserve further discussion. First, for Gd@C82
and Dy@C82 , the branching ratio I(M 5)/@I(M 4)1I(M 5)#
is larger than the calculated one considering the Hund’s rule
ground state. Generally a larger branching ratio corresponds
to a higher spin state,30 but in the particular case of gado-
linium this is not possible as S is already maximum (S5 72
for Gd31). In addition, the discrepancy in the intensity ratio
of the two M 4 peaks has already been observed for
Gd2O3.25,26,29 Also Dy@C82 presents a slightly different line
shape from Dy2O3 ~Ref. 29! when comparing the intensity
ratios of the three first structures within M 5 edge (Dy@C82 ,
0.5/0.83/1; Dy2O3 ~Ref. 29!, 0.43/0.77/1; Dy31 calculation,
0.3/0.6/1!. The higher intensity of the two first peaks in18442Dy@C82 is opposite to the expected evolution of the line
shape going from a 4 f 9 towards a 4 f 10 configuration—which
could explain a larger branching ratio—as can be seen in the
multiplet calculations by comparing Dy31 and Ho31.25 In
addition, no broadening of the peaks occurs as would be
expected in the case of a mixed valence since the energy
resolution ~0.6 eV! is lower than the expected shift ~1.7 eV!.
This intensity discrepancy is not attributed to a hybridization
effect, but more to a ‘‘substrate’’ effect that has been ob-
served experimentally depending on the coverage.31 Finally,
the first M 5 structure in Er2@C90 is poorly reproduced by
the calculation as already observed in the case of Er2O3.25
In order to determine the local magnetic properties of the
RE ion within the carbon cage we used XMCD. The top
panels of Fig. 2 show RE M 4,5 XAS spectra recorded at a
temperature of 6 K with M parallel ~open circle! and anti-
parallel ~solid circle! to P. For all the series, except gado-
linium that looks atomiclike, the circularly polarized XAS
spectra are rather complicated giving rise to numerous struc-
tures in the M 5 region that are absent in the calculated spec-
tra of the free trivalent ions.32 The difference between these
two XAS spectra, i.e., the XMCD, is displayed in the respec-
tive bottom panels of Fig. 2. In the first two bottom panels
chosen as examples, the insets show the integral of the re-
spective XMCD spectrum indicating the integral over the M 5
edge (DA5) and the integral over the M 4 edge (DA4). First
of all, the intermolecular magnetic coupling between the en-
trapped metal centers can be determined by following the
temperature and field dependence of XMCD. All the metal-
lofullerenes investigated here exhibit a similar behavior. The
temperature dependence of the XMCD signal, from 6 K to
300 K, did not shown any evolution of the line shape, but
only a decrease of its intensity, indicative of paramagnetic
behavior. We have also followed the field dependence of the
measured M 5 dichroism maximum. No open hysteresis loop
has been observed for any molecules even at 6 K. Only a
paramagnetic coupling can be concluded from these mea-
surements, providing no evidence of any low-temperature
ferromagnetic coupling between the entrapped metals as sug-
gested by previous studies.13
The sum rules relate the intensity of the XMCD signal to
the ground-state expectation value of the magnetic field op-1-3
C. DE NADAI¨ et al. PHYSICAL REVIEW B 69, 184421 ~2004!FIG. 2. Top panels: RE M 4,5 XAS spectra recorded with M parallel ~open circle! and antiparallel ~solid circle! to P at normal incidence
with respect to the sample surface; the spectra are normalized to the same factor as the sum XAS shown in Fig. 1. Bottom panels: the
difference between the two spectra shown in the respective top panels is the XMCD; in the first two panels chosen as examples, the inset
shows the integral of the respective XMCD spectrum indicating the integral over the M 5 edge (DA5) and the integral over the M 4 edge
(DA4) used to determine L through sum rules.erators ~orbital ^Lz&, spin ^Sz&, and magnetic dipole ^Tz&) of
the valence electrons.16,17 The intensity of the XMCD signal,
integrated over a complete core-level edge and normalized to
the isotropic XAS spectrum, yields the ground-state expec-
tation value of the orbital angular momentum per hole.16 At








4 f represents the number of holes on the 4 f localized
orbital of the RE ion, (DA51DA4) is the integral over M 4,5
edges of the XMCD ~as shown in the insets of Fig. 2!, and
(A51A4) is the integrated sum spectrum. The strong spin-
orbit coupling in the 5d ions makes the spin sum rule17 dif-
ficult to apply to these systems because of a rather large ^Tz&
term. For this reason ^Sz& has been determined by the way of
atomic calculations.
The ^Lz&exp values extracted from the experiment by ap-
plying the sum rules are listed in Table I. The theoretical
values expected for the free RE31 ions in the atomic limit are
also reported for comparison. Gd@C82 has been used as a
reference here. The trivalent Gd31 is supposed to have a18442half-filled 4 f shell that yields zero orbital moment. Indeed,
the integral over M 4,5 edges returns to zero within the error
bars. For the other RE ions, ^Lz& is strongly reduced com-
pared to the theoretical values expected for a free RE31 ion,
from ;46% to ;53% as can be seen in Table I. First this
reduction cannot be related to a lack of magnetic saturation
of the films as they were found to be magnetically saturated
at ;95% at the working conditions of 7 T. This value was
determined through fitting of the hysteresis curves @XMCD
5 f (H)# using a Brillouin function. Then a similar phenom-
enon concerning the total effective magnetic moment me f f of
these molecules has already been reported.13 Such reductions
of me f f from 20% in Dy@C82 to 47.6% in Ho@C82 and
33.5% in Er@C82 have been suggested as arising from a
partial quenching of L of the metal due to the carbon cage
CF and to a possible back electron transfer from the cage to
the metal 5d orbitals.13
Our work shows indeed that ^Lz& is strongly affected by
the presence of the carbon cage and in the same proportion
as me f f for Ho@C82 and Er@C82 ; in the last case, the per-
centage of reduction in ^Lz& for Er31 in the monometallof-
ullerene Er@C82 is expected to be smaller than in the mea-








HYB Reduction ^Sz& th Dn
of Lz of Lz of Sz
Gd@C82 20.01(2) 20.1(2) 0 20.04 20.03 23.46/22.8 22.86 20% 72 0.04
Dy@C82 20.53(5) 22.7(3) 46% 5 22.43 22.45 21.22 21.21 51% 51% 52 0.013
Ho@C82 20.69(7) 22.8(3) 53% 6 22.99 23.12 21.0 21.01 49% 50% 2 0.008
Er2@C90 20.92(9) 22.8(3) 53% 6 22.80 a 22.64 a 20.70 a 20.66 a 55% a 53% a 32 0.007 a
aCalculations have reproduced Er2@C90 spectra while considering a monometallofullerene of Er@C82 type.1-4
LOCAL MAGNETISM IN RARE-EARTH METALS . . . PHYSICAL REVIEW B 69, 184421 ~2004!FIG. 3. ~Color online! Top panels: theoretical RE M 4,5 XAS spectra calculated considering a crystal-field splitting ~dotted lines! and
orbitals hybridization between the cage and the RE ~solid lines!. Bottom panels: the differences between the two XAS spectra shown in the
respective top panel, i.e., calculated XMCD; the parameters used in the calculations are also reported.observed when going from an isolated atom to clusters and
solids, and it has also been observed in the comparison be-
tween Dy@C82 and Dy2@C92 where 10% more reduced
^Lz& has been obtained for the dimetallofullerene.31 But in
Dy@C82 the reduction found for ^Lz& is more than double
compared to me f f in SQUID measurements. This disagree-
ment could partially be explained by the branching-ratio
problem observed already with XAS, as a smaller M 5 inten-
sity with respect to M 4 would give a higher ^Lz&. However,
there still remains a question about the origin of these mo-
ments’ reduction: can this be a CF quenching of L since RE
are known to not be very sensitive to CF, and is S also
affected by the presence of the carbon cage ?
Theoretical calculations provide a good way of extracting
L and S and also of understanding the origin of this phenom-
enon by simulation of CF and hybridization effects. The
quenching of L by the fullerene CF splitting has been tested
first. The calculated XAS spectra and the respective dichro-
ism for the monometallofullerenes M@C82 (M5Gd, Dy,
Ho, Er! are shown in Fig. 3 ~dotted lines!. Starting from the
atomic state of the M 31 ion, the relative energy positions of
the ml components have been tested to reproduce the degen-
eracy breaking of the 4 f orbitals (4 f x(x223y2) , 4 f (3x22y2)y ,
4 f xyz , 4 f (x22y2)z , 4 f xz2, 4 f yz2, and 4 f z3). The results are
reported in the respective panels ~fcryst values!. In the spe-
cial case of gadolinium, showing atomiclike spectra, the ad-
dition of any CF splitting did not change the line shape of the
spectra, as expected for the spherical symmetry of a fully-
degenerated half-filled 4 f shell. The resulting ^Lz&calcCF and
^Sz&calc
CF moments, reported in Table I, show no reduction
compared to the atomiclike moments. Nevertheless, it is im-
portant to observe that the intensity of the XMCD with re-
spect to the sum is poorly reproduced by the calculations,
showing ;20% difference between the experiment and the
calculation when we correct the M 5 edge for the branching-
ratio discrepancy mentioned above. This can be directly re-
lated to a 20% reduced ^Sz& as ^Lz&50 and ^Tz& is supposed
to be zero for Gd31, but it cannot be explained by this CF18442model. Then for the other RE metallofullerenes, the line
shape and intensities of the various structures of the experi-
mental spectra have been well reproduced using ;0.2 eV CF
splitting. This small value reflects the low sensitivity of the
RE to the CF compared to the spin-orbit interaction
z^LS& @where z f(Dy)50.246 eV, z f(Er)50.302 eV at the
ground state#. Moreover, the calculations have determined
the splitting to be localized on a particular 4 f orbital depend-
ing on the studied RE. Nevertheless, the calculated localiza-
tion of the CF splitting has been found dependent of the
beam and applied magnetic field direction. Indeed, the rela-
tive energy positions of the ml orbitals reported in Fig. 3
have been calculated considering the applied magnetic field
and the light direction along the z axis of the 4 f orbitals.
When applying a 90° rotation of the beam and magnetic
field direction, the splitting follows this rotation: for in-
stance, in the case of Dy the lowest orbitals are found to be
4 f x(x223y2) and 4 f (3x22y2)y (ml53), i.e., the orbitals at 90°
of 4 f z3 (ml50) obtained in the presented calculations. In
addition, experimentally the molecules have shown no par-
ticular orientation in the thick films. Indeed additional mea-
surements at grazing incidence (u530°) have shown no sig-
nificant in-plane/out-of-plane anisotropy for all the
molecules.31 In fact the molecules are known to interact in a
head-to-tail manner ~ring-shaped configuration! but they can
form orientated domains on the Cu~111! surface with differ-
ent directions resulting in an average orientation within the
measured area. In this probable configuration no orbital an-
isotropy can be measured. So we believe that the particular
orientations of the CF splitting should not be interpreted in
the present case. More important is the good simulation of
the experimental spectra and the resulting magnetic mo-
ments. The ^Lz&calc
CF and ^Sz&calc
CF moments calculated from
these configurations are reported in Table I for each mol-
ecule. First ^Lz&calc
CF is in good agreement with ^Lz&exp , con-
firming the strong reduction observed experimentally. Sec-
ond, ^Sz&calc
CF also shows a significant decrease compared to
the atomiclike M 31 values. It is interesting to note that the1-5
C. DE NADAI¨ et al. PHYSICAL REVIEW B 69, 184421 ~2004!ratio ^Lz&/^Sz& is equal to the theoretical value, meaning that
^Sz& is as much reduced as ^Lz&, and the resulting L and S
stay parallel as expected for heavy RE atoms. This has al-
ready been demonstrated within sum rules in j j-coupled op-
erators in the case of lanthanides and actinides.33 The rule
implies that in intermediate coupling the ratios of the ^Lz&,
^Sz&, and ^Tz& operators with the same total moment are
fixed as long as the perturbation ~here the CF! is smaller than
the electrostatic and spin-orbit interactions. The CF model
therefore provides a good way to simulate the experimental
spectra giving a strongly reduced ^Lz& in agreement with the
sum rules. However, ^Sz& is also reduced. This indicates that
the me f f reduction seen by SQUID cannot be explained only
by a quenching of L by the carbon cage crystal field.
In order to understand more fully the reduction in S, the-
oretical calculations were also used to investigate the effect
of hybridization between the carbon cage and the RE 4 f
orbitals as described in Sec. III. The resulting calculated
spectra are shown in Fig. 3 ~solid lines! with the two free
parameters of this model, t and DE , reported in the respec-
tive panels. Unlike in the CF model, Gd@C82 spectra were
well reproduced using a charge transfer back from the cage
to Gd31. Despite the XAS intensity discrepancy at the M 5
edge that still remains due to the anomalous branching ratio,
the calculated XAS and XMCD spectra are in good agree-
ment with the experiment. The resulting ^Sz&calc
HYB was found
to be 20% smaller than the theoretical value ( 72 ), exactly as
described in the preceding paragraph after direct comparison
of the atomic calculation with the experiment. This unex-
pected ^Sz& reduction for Gd is probably at the origin of the
me f f reduction observed by SQUID for Gd@C82 .13 For all
other metallofullerenes, the calculated spectra are very close
to those calculated with the CF model, and are also in very
good agreement with the experiment. t and DE were found
to be strongly correlated and the calculated spectra were
found to depend mainly on the hopping term and the average
occupancy 1-Dn of the v orbital, as Dn is found to vary
continuously with t. Indeed, the moments reduction was
found to be linked to the hopping term value as no reduction
occurs if t50 and the reduction increases for incremented t.






HYB are similar to ^Lz&calc
CF and ^Sz&calc
CF and in agreement
with ^Lz&exp , showing that hybridization effects play also an
important role in the tremendous reduction of the magnetic
moments. The electronic back donation from the cage to the
RE obtained with this hybridization is very small
(;0.007–0.041 electrons! compared to the transfer of three
electrons from the RE to the cage. The resulting RE (32Dn)1
electronic configuration is therefore in agreement with the
roughly trivalent state obtained from XAS studies. In addi-
tion, Dn decreases with the ionic radius within the RE series,
following the trend that the higher the number of 4 f elec-
trons, the more localized the 4 f shell and the weaker the
hybridization. Secondly, the small value of Dn is surprising
compared to the magnitude of momentum reduction and
shows that the important feature is the spherical symmetry
breaking introduced by the interaction. However, a drawback18442of this hybridization model is that, even at zero temperature,
the induced magnetic moment was found to vary continu-
ously with the strength of the magnetic field simulating the
Zeeman effect, while experimentally saturation was ob-
served. But, by adding the optimal CF model discussed
above to this hybridization model, the dependence of the
induced moment versus magnetic field was stabilized, except
again in the Gd case. Interestingly, considering both effects
together gives also a good agreement with the experimental
data; the shape of the obtained spectra is the same as the ones
obtained with the CF term alone while t is lower than or
equal to the value determined with the hybridization model
alone, giving also equivalent moment reductions and back
electron transfer amount. After this limit of t, the calculated
spectra reproduced poorly the experiment. This shows that
for Dy, Ho, and Er, the CF term is predominant on the hy-
bridization one. But both effects are highly influencing L and
S. The Gd case stays therefore unresolved. Only the hybrid-
ization term allows to reproduce the spin reduction that is
probably at the origin of the lower me f f reported in Ref. 13.
But the hybridization model we have investigated here seems
too simple to prove it rigorously. More detailed models
should be investigated. One possibility could be to consider
an L conserving hybridization term plus a CF perturbation.
The hybridization term would add a 4 f 8 component to the
Gd ground state, rendering it CF sensitive. However, such
investigations are beyond the scope of this work.
V. CONCLUSION
The local magnetic properties of RE encapsulated in
fullerenes have been studied using XMCD at 6 K with an
applied magnetic field up to 7 T. The intermolecular mag-
netic coupling between the entrapped metal centers has been
found to be paramagnetic and no magnetic anisotropy has
been observed. The orbital and spin contributions of the
magnetic moment have been determined through sum rules
and theoretical calculations using a model Hamiltonian cal-
culation under the effect of a perturbation. Different kinds of
perturbation have been investigated: the carbon cage CF
splitting of the metal orbital momentum states and some hy-
bridization of the RE orbitals with the carbon cage orbitals
resulting in an electronic back donation cage-RE. These
models were based on nonspherically symmetric perturba-
tion terms ~non-L-conserving! at low interaction strengths,
so low that the expectation values of ^L&2 and ^S&2 and their
mutual alignment correspond to the pure atomic case. Both
of these models considered separately allowed to reproduce
the experimental spectra of Dy@C82 , Ho@C82 , and
Er2@C90 , whereas for Gd@C82 the CF model failed and it
was necessary to postulate a weak back electron donation
from the cage. ^Lz& and ^Sz& of the encapsulated RE ions
have been found significantly smaller than those of the cor-
responding free RE31 ions, whatever the method used. The
evolution of ^Lz& and ^Sz& reduction within the RE series has
been found similar to the one of me f f observed by SQUID
earlier13 but to a higher extent, especially in Gd@C82 and
Dy@C82 cases where an anomalous branching ratio was ob-
served. Generally this large reduction of the magnetic mo-1-6
LOCAL MAGNETISM IN RARE-EARTH METALS . . . PHYSICAL REVIEW B 69, 184421 ~2004!ments could be explained by a small CF splitting ~0.2 eV!
and a weak hybridization (Dn5;0.007–0.04). The de-
crease of Dn is in agreement with the contraction of the 4 f
shell within the RE series, and resulting in a RE(32Dn)1 elec-
tronic configuration in agreement with the roughly trivalent
state obtained from XAS studies. The hypothesis of a partial
quenching of L by the carbon cage CF cannot be retained
since it would not explain the magnetic moment reduction
observed for Gd, and because ^Sz& is also reduced. The re-
duction of ^Sz& can be interpreted in terms of CF taking into
account the spin-orbit coupling that aligns S with L and the
fact the electronic structure is weakly perturbed ~CF pertur-
bation remains small compared to electrostatic and spin-orbit
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